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CONVERSION FACTORS AND OTHER ABBREVIATED UNITS
By
To obtain centimeter per year (cm/yr) cubic centimeter (cm3) MeV (million electron volts) mg/kg (milligrams per kilogram) mg/L (milligrams per liter) mL (milliliters) (n/cm2)/s (neutrons per square centimeter per second) (n/g)/yr (neutrons per gram of rock per year) ppm (parts per million) p (proton) n (neutron) y (gamma) a (alpha particle) a (sigma) ji (muon) yr1 (per year) When the chloride (Cl~) concentration and rock porosity are considered with the calculated 36C1/C1 ratios, the estimated maximum corrected concentrations of 36C1 in ground water associated with the 6 rock types analyzed in this study ranged from 2.45x105 atoms per liter (atoms/L) for ground water in the basalt to 7.68x106 atoms/L for ground water in the rhyolite. These values are at least seven orders of magnitude smaller than concentrations measured in ground water at and near the Idaho National Engineering and Environmental Laboratory (INEEL) . A 36C1 concentration of 15±0.1xl0 12 atoms/L has been reported for a ground-water sample collected near the Idaho Nuclear Technology and Engineering Center, a nuclear-waste processing facility at the INEEL. Additionally, in situ 36C1/C1 ratios in ground water from rock with average compositions from this study ranged from 4.0x10"15 to 33.3xlO"15. For comparison, the range of 36C1/C1 for 254 ground-water samples collected from the Snake River Plain aquifer at and near the INEEL was 31x10"15 to 2.9x1 Q-9.
Determining the contribution of in situ production to 36C1 inventories in ground water facilitated the identification of the source for this radionuclide in environmental samples. On the basis of calculations reported here, in situ production of 36C1 was determined to be insignificant compared to concentrations measured in ground water near buried and injected nuclear waste at the INEEL. Maximum estimated 36C1 concentrations in ground water from in situ production are on the same order of magnitude as natural concentrations in meteoric water.
INTRODUCTION
36,
Radioactive chlorine-36 ( Cl) is being measured at extremely small environmental concentrations at and near the Idaho National Engineering and Environmental Laboratory (INEEL) to define the leading edge of a contaminant plume that has developed in ground water near this U.S. Department of Energy (DOE) site in southeastern Idaho ( fig. 1 ). The U.S. Geological Survey (USGS), in cooperation with the DOE, has been investigating the hydrologic conditions of the eastern Snake River Plain aquifer over time and space to describe the transport and fate of several contaminants, including tritium (3H), iodine-129 (129I), and 36C1. To date, 36C1 has proven to be the preferred isotope, compared with 3H or 129I, for describing maximum ground-water flow velocities and first arrival of contaminants at observation wells downgradient from sources at the INEEL (Cecil and others, 1992 (Cecil and others, , 1998 (Cecil and others, , 1999 .
To better describe the leading edge of the contaminant plume and the transport and fate of 36C1 in the environment at the INEEL, a more complete understanding of the sources for 36C1 is needed. There are four sources of 36C1 in the eastern Snake River Plain aquifer: (1) natural production by cosmic-ray interaction with argon-40 (40Ar) and neutron activation of argon-36 (36Ar) in the upper atmosphere followed by transportation of the 36C1 through the hydrologic environment as meteoric concentrations in precipitation (Cecil and others, 1999) ; (2) production by neutron activation of stable chlorine-35 (35G1) during nuclear-weapons tests of the 1950's and 1960's (Cecil and Vogt, 1997) ; (3) 36C1 released during nuclear-waste processing at the INEEL (Cecil and others, 1992 (Cecil and others, , 1998 (Cecil and others, , 1999 Beasley and others, 1993) ; and (4) natural in situ production in the aquifer matrix at depth due primarily to neutron activation of stable 35C1. This report describes the contribution of in situ production, in the aquifer matrix at depth, to 36C1 inventories measured in ground water. Meteoric, weapons tests, and nuclear-waste processing contributions to 36C1 inventories in southeastern Idaho are described in other reports (Cecil and others, 1992 (Cecil and others, , 1998 (Cecil and others, , 1999 .
Purpose and Scope
The purpose of this report is to describe the calculated contribution to ground water of natural, in situ produced 36C1 in the eastern Snake River Plain aquifer and to compare these concentrations in ground water with measured concentrations near a nuclear facility in southeastern Idaho. The scope focused on isotopic and chemical analyses and associated 36C1 in situ production calculations on 25 whole-rock samples from 6 major water-bearing rock types present in the eastern Snake River Plain. The rock types investigated were basalt, rhyolite, limestone, dolomite, shale, and quartzite. The calculated contribution included the estimation of neutron production rates based on the elemental composition of the rock samples and the proportion of the resultant neutrons that may be captured by chlorine atoms within the rock to produce 36C1.
Geohydrology of the Study Area
The eastern Snake River Plain ( fig. 1 ) is a structural downwarp (basin) filled predominantly with Quaternary basalt of the Snake River Group that is generally within 3 m of the land surface (Garabedian, 1992; Whitehead, 1992) . This structural basin, defined by faulting and downwarping on the southeast and faulting on the northwest, was created by Cenozoic tectonic stresses and is a zone of transition between the Northern Rocky Mountains and Basin and Range geologic provinces to the north and east and the Basin and Range province to the southeast. Unconsolidated sediments overlie the basin margins and are interbedded with the basalts and pyroclastics at depth. The basalts are several hundred to as much as 1,500 m thick and underlie most of the basin. Fractures and vesicular zones near the surfaces of the basalt flows may be highly transmissive of ground water. Reported transmissivities for the eastern Snake River Plain aquifer range from 0.1 to more than 70,000 m2/day, a range of nearly six Figure 1 . Location of the eastern Snake River Plain, the Idaho National Engineering and Environmental Laboratory, and selected sampling sites. orders of magnitude (Ackerman, 1991) . Depth to water at the INEEL varies in the basalt aquifer from about 60 m below land surface in the northern part to more than 275 m in the southern part. The hydraulic gradient at the INEEL is about 1 m/km, and horizontal linear groundwater flow velocity ranges from 1 to 6 m/day. This range is based on the distribution of 36C1 through time as determined from analyses of archived samples (Cecil and others, in press ). Long-term (1950-88) average precipitation in the vicinity of the INEEL is 22 cm/yr (Clawson and others, 1989, table D-l) . About 40 percent of the long-term average precipitation on the eastern Snake River Plain is rainfall between April and September. However, as a result of evapotranspiration, less than 5 percent of the long-term annual average precipitation infiltrates the surface locally on the eastern Snake River Plain (Cecil and others, 1992) . As illustrated in the section in this report entitled "Comparison of in situ produced chlorine-36 with concentrations in water", evapotranspiration can significantly affect meteoric 36C1 concentrations measured in water from the eastern Snake River Plain aquifer. Recharge to the eastern Snake River Plain aquifer is from snowmelt in the mountains to the east, west, and north, and from irrigation return flow and surface water. The five watersheds that recharge the upper Snake River Plain aquifer are the Big Lost River, Little Lost River, Birch Creek, Camas Creek/Mud Lake, and the main Snake River drainage ( fig. 1) fig. 1 ), these wastes also have been discharged to infiltration ponds. The wastewater discharged to ponds at these two facilities must travel through about 150 m of alluvium, sedimentary interbeds, and basalt before reaching the aquifer.
In this report, the solid-phase (rock) samples are designated SP, and their locations are shown on figure 1. In addition, geochemistry of the SP samples is described in tables 1, 2, and 3. The basalt flows that compose most of the Snake River Plain are in layers of only a few meters thick and cover areas of tens to hundreds of square kilometers. Samples are representative of younger basalts on the eastern Snake River Plain (table 1) . Large-scale basalt flows, such as those in Oregon and Washington, have not been found in the Snake River Plain. The most recent volcanic eruptions on the Snake River Plain were at the Craters of the Moon National Monument ( fig. 1 ) around 2,000 years ago (Kuntz and others, 1988) .
Volcanism produced relatively thick flows of welded tuff, ash, and pumice that are exposed within and near the margins of the basin and are composed largely of rhyolite, latite, and andesite. The rhyolitic tuffs and rhyolite in this group are represented by samples (table 1) . Subsequent basalt volcanism over the entire basin was limited predominately to outpourings of pahoehoe lava (Nace and others, 1975) . Some eruptions however, such as the ones near Craters of the Moon, were violent enough to create pyroclastic rocks and significant deposits of cinders. None of these pyroclastic deposits are major aquifers in the basin. Pre-Cretaceous sedimentary and metamorphic rocks border the basin to the northwest and east and are represented in this study by samples SP-1, SP-2, SP-3, SP-4, SP-11, SP-12, SP-24, SP-25, and SP-26 (tables 2 and 3). Of the 6 rock types studied, basalt and rhyolite compose most of the aquifer on the plain, and limestone and dolomite, with minor shale, quartzite, and medasediments, compose the recharge areas to the north, west, and east.
METHODS
Twenty-five rock samples were submitted to the Idaho State University (ISU), Department of Geology, Geochemical Laboratory for analysis of elemental chemistry. The Geochemical Laboratory prepared samples for analysis by three separate analytical methods: inductively coupled plasma-atomic emission spectrometry (ICP-AES), instrumental neutron activation analysis (INAA), and loss on ignition (LOI). In addition, selected solid-phase samples were submitted to the USGS Branch of Geochemistry Laboratory to determine Cl" concentration by ion-selective electrode potentiometry (ISEP). The data were received from the two laboratories and were processed into the form needed to make in situ production calculations for 36C1. The processed data needed for the calculations are presented in tables 1, 2, and 3.
Field Methods
For the in situ 36C1 production calculations, it was assumed that the dominant mechanism of production was neutron activation of stable 35C1. At depths greater than about 10 m in most rocks, this assumption holds (Gifford and others, 1985, p. 418; Fabryka-Martin, 1988 , tables h-3a through h-3h). Although some of the wholerock samples collected for this study were from the upper 2 to 5 m of the rock formation at land surface and may have undergone some changes as a result of weathering, the chemical data presented in tables 1, 2, and 3 are assumed to be representative of the entire depth of the rock type, both temporally and spatially. For basalt and rhyolite samples SP-15 through SP-21 (table  1) , the depth of collection was greater than 50 m in all cases; these samples were extracted from rock cores housed in the USGS Lithologic Core Library at the INEEL. All whole-rock samples were collected from fresh exposures or cores using standard methods and powderless gloves to minimize contamination.
Analytical Methods
Sample processing for each of these analytical methods began with the preparation of a homogeneous powdered sample. Each powdered sample subsequently underwent processing according to the specific analytical method to be applied. Additionally, rock samples sent to the ISU Geochemical Laboratory for analyses were further processed to insure that unweathered samples were used for all analyses.
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
For analyses by ICP-AES, the sample must be prepared as a solution (Lichte and others, 1987) . There are a variety of methods to prepare the solution~and each method has advantages that are related to sample composition. Sequential acid dissolution using hydrofluoric acid (HF), aqua regia, perchloric acid (HC1O4), and nitric acid (HNOs) is one procedure that has the disadvantage that silicon and boron are lost because of their volatility as fluorides. Several trace minerals, including chromite, are not completely dissolved by this procedure. Because of the silicic composition of volcanic rocks in the Snake River Plain, a fusion method of preparing sample solutions was used by the ISU laboratory as opposed to the sequential acid dissolution method.
The fusion method uses a flux to convert the sample to a glass bead, which subsequently is dissolved in dilute HNOs to prepare a solution for analysis. The specific procedure used by the ISU Geochemical Laboratory involved mixing 0.1 g of powdered sample and 0.3 g of lithium metaborate in a graphite crucible and heating in a furnace for 20 minutes at 1,050 °C. The contents of the crucible were poured immediately into 75 mL of 3.5-percent HNO3 in a 250-mL beaker and stirred on a magnetic stirrer for 5 minutes or until the sample was clear. The contents of the beaker then were transferred to a 100-mL volumetric flask, and more dilute HNOa was added to bring the volume to 100 mL. The flask was capped and gently shaken to thoroughly mix the contents. A sample bottle was pretreated by rinsing with 5 mL of the sample solution that then was discarded. The pretreated sample bottle then was filled with 50 mL of the sample solution and was ready for analysis by ICP-AES. The ISU laboratory reported weight percent values for oxides of the following elements: silicon, titanium, aluminum, manganese, magnesium, calcium, potassium, and phosphorus. Using this method, the laboratory also determined strontium, zirconium, and yttrium concentrations in units of parts per million (ppm) by weight.
Instrumental neutron activation analysis (INAA)
For analyses by INAA, a precisely known amount of powdered sample must be prepared to undergo irradiation without the loss of sample (Baedecker and McKown, 1987) . The laboratory placed 1 g or less, weighed to the nearest milligram, into a 0.4-dram, reactor-safe, laboratory-grade polyvial, which then was heat sealed. The 0.4-dram polyvial then was heat sealed into a 2-dram, reactor-safe, laboratory-grade polyvial. Preparation for neutron activation then was complete. For calibration purposes, three reference standards were included with the samples: USGS rock standards BCR-1 and BHVO-1 and the National Institute of Science and Technology (NIST) traceable coal fly ash standard reference material (SRM) 1633-A.
The prepared standards and samples were sent to the Oregon State University (OSU) Radiation Center for neutron activation in the TRIGA Reactor. Neutron activation lasted 2 hours under a neutron flux of 3x10 12 (n/cm2)/s. Once activated, the standards and samples were returned to ISU for analysis. Upon arrival at the laboratory, the inner 0.4-dram polyvials were transferred into new 2-dram polyvials for gamma counting.
Activation analysis is based on measurement of activity from radioactive nuclides produced by nuclear reactions on naturally occurring isotopes of the sample elements during the activation process. Gamma-ray spectroscopy at the ISU Geochemical Laboratory employed semiconductor detectors (high-purity germanium diodes) for gamma counting. These devices converted a gamma-ray signal from the irradiated samples to electronic pulses that could be sorted and processed by a multichannel analyzer and supporting electronics. The resulting spectra then were processed by computer software and the results were recorded. All standards and samples were counted three separate times in a sequence that optimized peak-to-background ratios for short-, intermediate-, and long-lived radionuclides, respectively. The first counts were for determining the short-lived radionuclides of sodium, samarium, lanthanum, and uranium (U), and took place about 5 days after irradiation. The count periods were between 2,000 and 4,000 seconds. The next counts were for the intermediate-lived radionuclides of barium, rubidium, neodymium, ytterbium, and lutetium, and took place about 10 to 20 days after irradiation. The count periods were 8,000 to 10,000 seconds. The final counts were for the long-lived radionuclides of iron, scandium, chromium, nickel, cobalt, cesium, cerium, europium, terbium, thorium (Th), hafnium, and tantalum, and took place about 30 to 40 days after irradiation. The count periods were 20,000 to 40,000 seconds. Results were reported in ppm by weight, except for sodium and iron, which were reported as oxides of the elements in weight percent.
Loss on ignition (LOI)
For analysis by LOI at the ISU Geochemical Laboratory, precisely 2 g of powdered sample weighed to within 0.0005 gram were placed in a clean ceramic crucible. The weight of the crucible and powder was determined and recorded. The open crucibles were heated overnight (or for about 12 hours) at 90°C. The crucibles were removed to a desiccator, cooled for 2 to 3 minutes and reweighed. These raw weights were recorded and subtracted from the weights of the unheated crucibles and powdered sample. The difference represented the weight of volatile components that are not actually part of the sample. The samples were returned to a desiccator and a muffle furnace was heated to 950°C. When the muffle furnace reached this temperature, lids were placed on the crucibles and they were heated for 1 hour. The crucibles were cooled 2 minutes, then the lids were removed and the crucibles were allowed to continue cooling in the desiccator until they reached room temperature (about 5 to 7 minutes). After cooling, the weights of the crucibles were determined and subtracted from the raw weight of the crucible and sample determined previously. The weight difference in grams represented the LOI component of the sample. The difference was divided by the original sample weight (2±0.0005 g) and multiplied by 100. This value was reported along with the elemental oxides as LOI in weight percent.
Ion-selective electrode potentiometry (ISEP;
For analysis of Cl" by ISEP, 200 mg of powdered sample were weighed and placed into a confined area of the outer compartment of a Conway diffusion cell constructed of Teflon (Aruscavage, 1990) . Oxidizing and reducing solutions were prepared. The reducing solution was made of 22.6 g of potassium hydroxide (KOH) dissolved in 140 mL of deionized water (H2O) and 1.12 g of anhydrous sodium sulfite (Na2SO3). A 2.5-mL aliquot of reducing solution was pipetted into the inner compartment of the Conway diffusion cell. The oxidizing solution was made of 160 mL of HF added to a solution that contained 2.6 g of potassium permanganate (KMnO4) dissolved in 50 mL of 15-percent sulfuric acid (H2SO4). A 3-mL aliquot of the oxidizing solution was added to the outer compartment of the Conway diffusion cell and digested the powdered sample by mixing overnight on an oscillating platform. The evolved chlorine was converted to Cl" by the reducing solution contained in the inner compartment of the Conway diffusion cell. Finally, the Cl" concentration was measurecl by ISEP. The applicable concentration range for Cl" by this method was 0.01 to 2.00 percent by weight, or 100 to 20,000 ppm by weight.
Data Processing
The methods used to determine the maximum in situ produced atom concentrations for 36C1 in ground water have been documented in reports by Fabryka-Martin (1988) and Andrews and others (1989) and are discussed in the section titled "/« situ production of chlorine-36." Geochemical data for the rock samples generated by contract laboratories and used in this report were converted for use in the necessary in situ production calculations using the ionspecific methods described in the following sections.
Chloride
Results generated by the USGS Branch of Geochemistry were reported as percent by weight Cl" with a reporting level of 0.01 percent. These numbers were converted directly to ppm by weight using the following equation:
(weight percent CIV 100)x 1,000,000 g = ppm by weight Cl*.
For example, (0.04 weight percent ClV100)x 1,000,000 g = 400 ppm CP.
Fourteen solid-phase samples were selected for determination of Cl" concentration. For the 11 of 14 Cl" results that were larger than the laboratory reporting level, the converted results were used directly in tables 1, 2, and 3. The Cl" concentrations for the three samples that were determined to be less than the laboratory reporting level and for the samples that were not analyzed for Cl" (marked with an asterisk in tables 1, 2, and 3) were taken from a report by Parker (1967,tablel9,p.D13-D14) .
Gadolinium
Gadolinium has the largest neutron absorption cross section (49,000 barns/atom, table 4) of all major and trace elements used in the in situ calculations. Therefore, the determination of gadolinium in the rocks of the eastern Snake River Plain was essential for determining the total cross section of the rock for thermal neutron absorption.
The ISU Geochemical Laboratory reported concentrations of samarium and terbium directly in ppm; however, the laboratory did not determine gadolinium. Because gadolinium concentrations were needed to calculate in situ production of 36C1, and because the relation between concentrations of samarium, terbium, and gadolinium in chondritic meteorites and terrestrial materials is systematic, the relation between these three elements in chondritic meteorites and the measured concentrations of samarium and terbium in the samples were used to estimate gadolinium concentrations by interpolation. The gadolinium concentrations were calculated by normalizing measured concentrations of samarium and terbium to their nonvolatile mass concentrations in carbonaceous chondritic meteorites (designated the Cl-chondrite) using values tabulated by Anders and Ebihara (1982, table 1) . The values from Anders and Ebihara first were converted to nonvolatile mass concentrations by subtracting volatile elements from the total, then renormalizing to 100 percent. This process yielded appropriate values to which terrestrial samples were normalized using the following equations (Scott Hughes, ISU, written commun., 1999): = Cl-chondrite total mass for samarium converted to nonvolatile mass, in ppm;
= Cl-chondrite normalized concentration of terbium;
= measured concentration of terbium, in ppm; and = Cl-chondrite total mass for terbium converted to nonvolatile mass, in ppm.
The normalized concentrations of samarium and terbium then were used to calculate the normalized concentration of gadolinium:
(Gd-N) = 1 o1'08*8"1'1^ + 2log nt>-N)V3 (4) where (Gd-N) = Cl-chondrite normalized concentration of gadolinium.
Finally, the normalized gadolinium concentrations were converted to the estimated gadolinium concentrations shown in tables 1-3 using the following equation: The estimated gadolinium concentrations were evaluated by applying this method to an independent data set that contained measured concentrations of samarium, terbium, and gadolinium in 56 basalt samples from the eastern Snake River Plain (Knobel and others, 1995) . The measured samarium and terbium concentrations were used to estimate gadolinium concentrations by means of equations 2 through 5. The estimated gadolinium concentrations were individually compared to the measured gadolinium concentrations to determine the percent differences of the estimated concentration relative to the measured concentration for all 56 samples. All 56 estimated gadolinium concentrations were within 25 percent of the measured concentrations: 51 were within 15 percent, and 47 were within 10 percent.
Mean concentrations of the measured and estimated data sets were calculated along with the estimated uncertainties of the mean concentrations. The mean and the associated uncertainty for the mean of the measured gadolinium data set was 7.7±1.8 ppm and 7.3±1.7 ppm for the estimated gadolinium data set (table 5). The good agreement between the means of the two data sets suggests that gadolinium concentrations estimated using equations 2 through 5 are reasonable approximations of the true measured concentrations.
Another means of testing the acceptability of the estimated gadolinium concentrations is to plot the laboratory-measured results with the estimated gadolinium concentrations. If equations 2 through 5 produce exact estimates of the measured gadolinium concentrations, a straight line with a slope of 1 and a y-intercept of 0 should result. The data are plotted on figure 2 and a linear regression analysis gives a straight line with a slope of 0.87 and a y-intercept of 0.59. The correlation coefficient is 0.91, which suggests an acceptable match between the measured and estimated gadolinium concentrations. These comparisons suggest that equations 2 through 5 provide acceptable estimates of gadolinium concentrations in rocks from the eastern Snake River Plain aquifer system.
Lithium, beryllium, boron, carbon, and fluorine
The ISU Geochemical Laboratory did not measure the concentrations of these light elements in the samples as listed in tables 1, 2, and 3. Because these elements were needed for the calculation of in situ 36C1 production, concentrations equivalent to average concentrations in the appropriate sample rock type were included in this analysis. These concentrations were taken from Parker's study (1967, table 19, p. D13-D14) and were marked with asterisks in tables 1, 2, and 3. Carbon (C) concentrations in tables 1, 2, and 3 not marked with an asterisk were calculated using other methods. Those methods will be discussed in the sections entitled "Carbonate sedimentary rocks" and "Noncarbonate sedimentary and metamorphic rocks."
Boron has the largest absorption cross section of these five elements, 764 barns/atom, and so has the potential to significantly affect the overall thermal neutron" cross section, depending on the boron concentration in the sample (table  4) . Therefore, a sensitivity analysis was performed on the samples to determine the effect of various boron concentrations on the 36C1/C1 ratio. Average boron concentrations taken from Parker's study ranged from 5 ppm for basalt to as much as 100 ppm for shale. A smaller boron concentration in a sample generally corresponds to a larger 36C1/C1 ratio because more of the neutron flux is available for activation of 35C1. Therefore, the sensitivity analysis was performed under the assumption that the average boron concentrations were lower by an order of magnitude.
The largest percent change in 36C1/C1 ratios was for sample SP-24, a quartzite. The calculated 36C1/C1 ratio using an average boron concentration for quartzite taken from Parker's study (1967) was l.SxlO"15, and the 36C1/C1 ratio adjusted for a smaller boron concentration was 2.5xlO"15, or a 61-percent increase. The smallest percent change in 36C1/C1 ratios was for sample SP-20, a basalt. The calculated 36C1/C1 ratio was 1.4xlO"15, and the adjusted 36C1/C1 ratio was l.SxlO"15, or an increase of only 0.7 percent. None of the ratios for the basalt samples changed by greater than 2.7 percent as a result of this change in boron concentration. Ratios for the rhyolite samples, with the exception of SP-9, changed 8.6 percent or less. Ratios for the carbonate, opal, shale, and quartzite samples all changed at least 20 percent. The average increases in 36C1/C1 ratios for the basalt and rhyolite samples were 2.3 and 7.5 percent, respectively. The average increases in 36C1/C1 ratios for the carbonate, opal, shale, and quartzite samples were 25, 24,46, and 42 percent, respectively. The larger increase in the 36C1/C1 ratios for these samples was due to the decrease in boron concentration in the samples. The order of magnitude decrease in the boron concentration increased the thermal neutron cross section available for 35C1 activation and, hence, increased the 36C1/C1 ratio.
As an example, there was a 46-percent change in the 36C1/C1 ratio for the shale sample (boron concentration = 10 ppm) that was 20 times greater than the 2.3-percent ratio change for the average basalt sample (boron concentration = 0.5 ppm). Thus, the change in the 36C1/C1 ratio for the shale sample as a result of the order of magnitude decrease in the boron concentration was significant compared to the change in this ratio for basalt samples with a corresponding change in boron concentrations. However, as mentioned earlier, the contribution of 36C1 to ground water from shale is insignificant compared to the contribution from basalt because most of the aquifer on the plain is composed of basalt.
The difference in initial boron concentrations for the rock samples also affected the outcome of the sensitivity analysis. For example, the average boron concentration for rhyolite changed from 15 to 1.5 ppm. The average boron concentration for basalt changed from 5 to 0.5 ppm. Although all values decreased by an order of magnitude, the rhyolite samples were affected more by the decrease in boron concentration than the basalt samples were. The average change in boron concentrations for the rhyolite samples was 13.5 ppm, and the average change in boron for the basalt samples was 4.5 ppm. The resultant change in 36C1/C1 ratio was consequently 7.5 percent for rhyolite and only 2.3 percent for basalt.
Regardless of the initial boron concentrations used in this sensitivity analysis, the gadolinium concentrations ultimately determined the degree of effect that the boron concentrations had on the resultant 36C1/C1 ratio. With a gadolinium concentration of 10 ppm, the change in the boron concentration had little or no effect on the 36C1/C1 ratio because gadolinium has such a large absorption cross section compared to that of boron: 49,000 barns/atom for gadolinium and 764 bams/atom for boron. Alternatively, if the gadolinium concentration is 0.01 ppm, the gadolinium will have very little effect on the 36C1/C1 ratio, enabling a change in boron concentration to have a significant effect.
Samarium, terbium, uranium, and thorium
Concentrations of samarium, terbium, uranium, and thorium in tables 1, 2, and 3 were the concentrations reported directly in ppm by the laboratory.
Elements reported as oxides
The laboratory reported the principal rockforming elements as oxides in weight percent of the total sample weight. The ICP-AES and INAA analytical methods used by the ISU laboratory did not account for the volatile components in the sample; for example, water (H2O) and carbon dioxide (CO2). These constituents were measured using the LOI method, which provided a gross estimate of the total volatile fraction of the sample but did not distinguish between the component parts. The weight percent of the LOI fraction of the sample, added to weight percents of the major rock-forming elements, should equal 100 percent. However, a total of 100 percent is rarely obtained, because the LOI method of reporting results does not account for the trace-element content of the rock samples. Because selected trace elements were considered in this report, the laboratory data were not normalized to 100 percent prior to conversion to ppm. Estimation of the volatile components of the sample required additional calculations as discussed in the section "Volatile components."
The principal rock-forming elements are silicon (Si), aluminum (Al), iron (Fe), calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), phosphorus (P), titanium (Ti), and manganese (Mn); the respective oxides are SiO2, A12O3, FeO, CaO, MgO, Na2O, K2O, P2O5, TiO2, and MnO. (Some Fe2Os does exist along with the FeO, but the quantity is small enough that the laboratory reported the total Fe concentration as FeO). Oxygen (O), which is reported as part of the oxides, also is considered a principal rock-forming element. The weight percent of each oxide was converted to the needed units of ppm by weight by reducing the weight percent to a ratio and multiplying it by 1,000,000 g: (weight percent oxide/100) * 1,000,000 g = ppm by weight oxide.
The oxide in ppm by weight then was multiplied by the ratio of the elemental weight to the molecular weight of the oxide:
ppm by weight oxide * (elemental weight/molecular weight oxide) = ppm by weight element.
The ppm by weight of O in the oxide was determined by subtracting the ppm by weight of the element from the oxide:
ppm by weight oxide -ppm by weight element = ppm by weight O.
For example, the reported weight percent of SiO2 for sample SP-15 of 45 used with the known elemental weight of Si (28.1 g) and molecular weight of SiC>2 (60.1 g) gave the following:
(1) From equation 6:
(45/100) x 1,000,000 g = 450,000 ppm by weight SiO2.
(2) From equation 7: 450,000 x (28.086/60.0848) = 210,348 ppm by weight Si. The ppm by weight of each element was calculated from the appropriate oxide and the results are listed in tables 1,2, and 3. The ppm by weight of the element O for each oxide was summed and is listed in tables 1, 2, and 3 as oxygen, rock (O,r).
Volatile components
The principal volatile components of the rock samples submitted for analysis were CC>2 and H2O. The importance of these two compounds in a sample depended on the amount of mineral material containing these compounds that was present in the samples. For example, the laboratory analyzes calcite (CaCOs) in rock as CaO and CC>2, however, CO2 is included as an undifferentiated component of the LOI result for the sample. Similarly, opal (SiCVnl^O) in rock is analyzed as SiC>2 and H2O in the laboratory with the H2O included in the LOI result. Because LOI was undifferentiated, it was necessary to make some assumptions about its content, and these assumptions were made on the basis of the typical mineralogy of the type of rock sample that was submitted for analysis. Also, because LOI was measured with a different analytical method than the oxides were measured, any adjustment necessary to make the ppm by weight values equal 1,000,000 ppm was made in the volatile component of the analysis. Because these assumptions and the resulting calculations depend on the rock type, they will be discussed in that way.
Basalt and rhyolite
The extreme heat associated with the formation of basalt and rhyolite generally drives off most volatile components. Many surface samples of Snake River Plain basalt have coatings and void fillings of caliche, a mixture of calcite and clay that has been deposited by secondary moisture-related processes. In this case, LOI firing can remove CO2 as a volatile, just like H2O. However, the basalt samples in this study, with the exception of one sample, were taken from depth where the major sources of CO2, caliche, and CaCOs, are assumed to be minimal. Therefore, all the LOI for basalt and rhyolite in this study was assumed to be from H2O and not CO2. Some H2O is trapped in vesicles as these rock types solidify from the molten magma and hydration of some minerals takes place. Because of these characteristics, the assumption was made that the difference in table 1 between the raw total (the sum of previously discussed elements) and the adjusted (adj.) total was the result of H2O lost during the analytical process. The ppm by weight oxide (t^O) was calculated by subtracting the total raw values from the total adjusted values. Equations (7) and (8) then were used to calculate H and O. These values were designated H,w and O,w and listed in table 1. Calculations for the sample from an opal deposit in rhyolite, SP-9, are discussed in the section titled "Noncarbonate sedimentary and metamorphic rocks."
Carbonate sedimentary rocks
The idealized chemical formulas for carbonate rocks are CaCO3 (limestone) and CaMg ( 03)2 (dolomite). The principal volatile component in both rocks is CC>2, and it was assumed in this report that the LOI component of the carbonate samples was the result of CC>2 volatilization. For example, dolomite undergoes a two-stage volatilization:
(1) CaMg(CO3)2 -» CaCO3 + MgO + CO2 at about 800°C, and
The LOI values were converted to ppm by weight of the oxide using equation (6). The remaining calculations were completed using equations (7) and (8) 
Noncarbonate sedimentary and metamorphic rocks
The amount of carbonate minerals in predominantly noncarbonate sedimentary rock is variable and often is mirrored after the sum of calcium and magnesium contained in the rock. For example, a predominantly silica sand may contain grains of calcite and dolomite that have not been removed by weathering processes. Conversely, opal, which is the weathering product of some igneous rocks, should not contain much carbonate material but should contain significant amounts of water.
Calcium and magnesium in clay and shale generally are in the lattice of the complex aluminosilicate minerals contained in clay, and the presence of carbonate minerals should be limited in most cases. On the other hand, clay minerals commonly contain significant quantities of water. The average ppm by weight of carbon in clay and shale was taken from Parker's study (1967, table 19) to represent the value listed in table 2 for sample SP-25. The corresponding oxygen value was calculated by first converting the element ppm by weight to the number of moles of the element. This conversion was accomplished by dividing the elemental mass in grams by the elemental gram formula weight (9) element ppm/element ^ = element,F or example, the ppm by weight for carbon in SP-25 is 10,000 g and the moles of C are calculated with equation (9) For the opal sample (SP-9) and the two quartzite samples (SP-11 and SP-24), the assumption was made that the number of moles of C was equal to the sum of the number of moles of calcium and magnesium. Equation (9) was used to calculate the number of moles of calcium and magnesium. The ppm by weight of C was calculated by using equation (8). The results are listed in tables 1 and 3. Once the moles of carbon were known, the moles of oxygen were given by the relation Omoies = (2) (Cmo|es). The ppm by weight of O was calculated with equation (8) and summed into the appropriate O,r results listed in tables 1 and 3. The H,w and O,w values in tables 1 and 3 were calculated the same way as for the basalt and rhyolite samples.
Anomalous data
Silica weight percents for samples SP-17 and SP-24 were outside the calibration range of the analytical instrument at the time the samples were analyzed, giving results that were larger than possible. Consequently, these two values were reduced so that the laboratory weightpercent totals equaled 100 percent.
The LOI weight percents for samples SP-16, SP-18, SP-19, SP-20, and SP-21 were reported as negative values because of analytical interferences by iron in the samples. These values were adjusted so that the total (adj) value equaled 1,000,000 ppm by weight.
IN SITU PRODUCTION OF CHLORINE-36
Four potential sources for 36C1 in ground water are (1) meteoric input of cosmogenicallyproduced 36C1 through wet and dry deposition, 2) in situ production by neutron activation in the aquifer matrix or water, (3) radioactive fallout from atmospheric nuclear-weapons tests, and (4) emissions from nuclear-reactor facilities. Chlorine-36, a beta-particle emitter, is cosmogenically produced in the atmosphere by two major processes: (1) spallation (cosmic-ray interaction with 40Ar), and (2) neutron activation of 36Ar according to the following reactions (Andrews and Fontes, 1992): 40Ar (p, n, a) 36C1 (67 percent of total natural atmospheric production), and 36Ar (n, p) 36C1 (33 percent of total natural atmospheric production).
Another significant source of 36C1 in the environment is the neutron activation of stable 35C1:
This reaction is the source of 36C1 produced during atmospheric weapons tests conducted by the United States and Great Britain over the Pacific Ocean during 1952-58 (Schaeffer and others, 1960) . This reaction also may produce significant 36C1 in situ in certain subsurface environments that have a neutron source in reasonably close proximity to stable 35C1. In basalt, rhyolite, sandstone, and carbonate rocks, the following reactions on potassium-39 (39K)-and to a lesser extent, on calcium-40 (40Ca), can contribute to in situ production: 39K (n, a) 36C1, and 36Cl.
However, the 35C1 (n, y)36Cl reaction is the only one that produces significant 36C1 in the subsurface at a depth greater than about 10 m (Andrews and others, 1989; Davis and others, 1998; Fabryka-Martin, 1988 ).
Calculations were restricted to the deep subsurface (greater than 10 m), under the assumption of rock-unit geochemical homogeneity. Shallow subsurface contributions of 36C1 were assumed to be minimal because seasonal ground-water recharge moves rapidly through the shallow subsurface and precludes the addition of significant 36C1 from near-surface production reactions. Additionally, evapotranspiration on the eastern Snake River Plain is large and resultant long-term regional areal recharge is small, limiting the amount of 36C1 that recharge can mobilize in the near-surface environment (Cecil and others, 1992) .
To further support the assumption that 36C1 production resulting from the neutron activation of 39K is negligible, in situ secular equilibrium 36C1/C1 ratios resulting from the reaction 39K(n,ot)36Cl and 35Cl(n,y)36Cl were calculated for each of the 25 rock samples in this study (table 6). The ratios resulting from the activation of 39K ranged from IxlO'21 to 5xlO'17, or three to six orders of magnitude smaller than the ratios resulting from the activation of 35C1. Thus, the production of 36C1 due to 39K is negligible, and because muon activation of 40Ca yields an even smaller 36C1 production rate, these production mechanisms are insignificant compared to the neutron activation of 35C1.
The neutrons required for activation of 35C1 and 39K are produced by the interaction between alpha (a) particles, generated from the radioactive decay of U and Th series isotopes, and stable nuclei of lighter elements such as O, Na, Al, and Si (Faure, 1986 ). An estimate can be made of in situ produced 36C1 for a given ground-14 water system if the following contributing factors are known: (1) the U and Th content of the aquifer matrix, (2) the concentrations of target elements for (a, n) reactions, (3) the concentration of target elements for neutron capture, and 4) the proximity of target elements to neutrons. Because of the heterogeneous nature of the eastern Snake River Plain aquifer, the proximity of target elements was not determined. Therefore, maximum equilibrium concentrations reported here for 36C1 in ground water were calculated with the assumption that all in situ produced atoms in the aquifer matrix were transferred to the fluids flowing through the aquifer. These maximum 36C1 concentrations were used to determine the associated total Cl" concentration transferred to the ground water.
Additionally, for the calculations of in situ produced 36C1, the following assumptions were made: (1) all neutrons were thermalized in all rocks below about 10 m in depth; (2) thermal neutron fluxes were directly proportional to neutron production rates; (3) all the U and Th decay series isotopes were in secular equilibrium and were homogeneously distributed throughout the rock; (4) all target nuclides were homogeneously distributed throughout the rock; and (5) all rocks were saturated with water. The thermal neutron flux and 36C1 production are reduced in unsaturated rock as a result of neutron capture by other elements in addition to the 35C1 and 39K in the aquifer matrix. Therefore, in situ production in the deep unsaturated zone will be reduced by as much as 70 percent compared to in situ production in the saturated zone (Fabryka-Martin, 1988) . Applications of these assumptions maximize the in situ 36C1 production calculations presented in this report.
The total transferred rock-to-ground-water Cl" concentrations were compared to maximum ambient measured values, and the maximum 36C1 concentrations were adjusted accordingly. For example, for sample SP-1, the maximum total transfer value for Cl" was 25.40 g/L. However, the maximum average ambient groundwater concentration was 15 mg/L, or 0.059 percent of the estimated total Cl" transfer concentration. Therefore, the associated maximum 36C1 concentration of 2.52x109 atoms/L was reduced by this method to 1.49xl06 atoms/L to more accurately reflect the possible contribution to ground-water concentrations from in situ production. Because of the assumptions discussed earlier, these corrected 36C1 concentrations should be considered as maximum. Additionally, these maximum Cl" concentrations in ground water would have to be supplied solely by rocks in the aquifer and from no other source.
As previously discussed, the dominant source of neutrons in the deep subsurface (below about 10 m) that are available for activation of stable 35C1 and 39K is the interaction of alphaemitting progeny from the U and Th decay series and light nuclei. The neutron production rate from this interaction and from the spontaneous fission of naturally occurring 238U can be calculated from the following equation modified The X and Y factors are determined from the light-element composition of each different rock type in the study area. For example, X for limestone sample SP-1 was determined by dividing the total calculated (n/g)/yr per ppm U by the total weighting factor (table 4). The factor X then was multiplied by the U concentration in ppm to determine the neutron production rate from alpha-particle emissions from the U decay series. The Y factor was calculated in the same manner and multiplied by the Th concentration 15 to determine the neutron production rate from alpha-particle emissions from the Th decay series. The factor 0.429 [U] in equation (10) accounts for neutrons produced by the spontaneous fission of 238U and includes (1) the atom concentration of a gram of 238U, (2) the sponta-*5"?fl neous fission half-life for U, (3) the number of neutrons produced per spontaneous fission of 238U, and (4) the fractional concentration of U in the sample in ppm (Fabryka-Martin, 1988, p. 39, 40) .
Twenty-five samples of 6 different rock types were analyzed for this study. Table 6 lists the results for each of the samples. The calculated thermal neutron cross sections ranged from 0.0029 cm2/g of rock in dolomite (SP-4, fig. 1 ) to 0.0165 cm2/g of rock in basalt (SP-20, fig. 1 ). The total neutron production rate for each of the rock types ranged from 0.3 (n/g)/yr in dolomite (SP-4, fig. 1 ) to 29 (n/g)/yr in rhyolite (SP-17, fig. 1 ). The total neutron production rates were used in combination with the total reaction cross sections to calculate the in situ secular equilibrium 36C1/C1 ratios caused by the two primary reactions that produce 36C1 in the rock matrix at depth. For the reaction 35Cl(n,y)36Cl, the ratios ranged from 1.4xlO'15 in basalt (SP-20, fig. 1 ) to 45xlO'15 in rhyolite (SP-17, fig. 1 ). The larger 36C1/C1 ratio for this rhyolite sample is due to the larger U (11.5 ppm) and Th (22.2 ppm) concentration of the rhyolite; for comparison, the U and Th concentrations of this basalt sample were 0.8 and 2.23 ppm, respectively.
For the reaction 39K(n,a)36Cl, the ratios ranged from less than 0.000001 xlO"15 in limestone (SP-26, fig. 1 ) to 0.05xlO~15 in an opal deposit in rhyolite (SP-9, fig. 1 ). In all samples and rock types in this study, the 36C1 production by neutron activation of stable 35C1 was orders of magnitude greater than production by neutron activation of 39K. Therefore, only the 36C1/C1 ratios and 36C1 concentrations as a result of the reaction 35Cl(n,y)36Cl, are discussed in the report. Table 6 also lists the calculated equilibrium 36C1 content in the rock matrix. The 36C1 content was smallest in quartzite (SP-24, fig. 1 ), 0.007x105 atoms/cm3, and was largest in rhyolite and shale (SP-8 and SP-25, fig. 1 ), 12xl05 atoms/cm3 . Table 4 shows an example of the thermal neutron cross section, the total neutron production rate, and the in situ secular equilibrium 36C1/C1 ratio calculated for the sedimentary rock sample SP-1, a limestone. The sample was analyzed for the elements shown in table 4, and a sample ppm was calculated using the methods outlined in this report. The weighting factors listed in table 4 were calculated by multiplying the mass stopping power for each element by the corresponding sample ppm expressed as a decimal fraction of the total ppm (J.T. FabrykaMartin, written commun., 1997). The weight-ed neutron yields were calculated by multiplying the weighting factor by the original calculated neutron yields. The thermal neutron cross section for each of the analyzed elements was calculated by multiplying the sample ppm as a decimal fraction of the total by the absorption cross section in cm2 and dividing by the atomic weight. The individual thermal neutron cross sections were added to obtain a total thermal neutron cross section.
The X and Y factors were calculated by dividing the total weighted neutron yields by the total weighting factor. The X and Y factors then were multiplied by the corresponding total U and Th sample ppm to arrive at a neutron production rate caused by U and Th decay-series a emissions. In addition, the neutron production rate caused by 238U spontaneous fission was calculated by multiplying the total U sample ppm by the factor of 0.429, as explained in equation (10). The individual neutron production rates were added to obtain a total neutron production rate. To obtain a 36C1/C1 equilibrium ratio, the following equation was modified from (Fabryka-Martin, 1988, p. 208 In this equation, the 35C1 thermal neutron absorption cross section is 4.4x10"23 cmVatom, the relative isotopic abundance of 35C1 is 0.7577 (Walker and others, 1989) , and the 36C1 decay constant is 2.3 xlO"6 yr"1 .
The 36C1/C1 ratios estimated for the 25 samples used in this study represent rock types of specific composition as opposed to average composition. Therefore, to obtain values for rock types of average composition, the samples were grouped into the categories of basalt, rhyolite, limestone and dolomite (carbonates), shale, and quartzite (table 7) . The U and Th contents were averaged for each category, as were the thermal neutron cross sections, the total neutron production rates, and the in situ secular equilibrium 36C1/C1 ratios. The average values are compared in table 7 and figure 3 to average values from Parker's study (1967) . The U and Th content, the thermal neutron cross section, and the total neutron production rates for all rock types compare well with the data from Parker's study. Additionally, the histogram in figure 3 shows good correlation between both data sets, further supporting the calculated in situ secular equilibrium 36C1/C1 ratios reported for rocks from the eastern Snake River Plain. Andrews and others (1989) made such calculations for 36C1 production in the Stripa granite using the same methods outlined here for in situ production of 36C1. The Stripa granite is composed of small amounts of neutron-absorbing elements and has a relatively large natural radioelement content. Thus, the neutron flux generated within this granite is among the largest known for crustal rocks (Andrews and others, 1989) . The theoretical flux for the Stripa granite was calculated to be 4.07x10"4 (n/cm2)/s, whereas the theoretical neutron flux for the surrounding leptite was 0.80x10"4 (n/cm2)/s. These values agree to within 15 percent or better of the experimental neutron flux values measured by Andrews and others (1986) .
The theoretical flux value was used to calculate neutron-induced production rates of eight isotopes within the Stripa granite, the fracture minerals, and the surrounding leptite. These isotopes were 3He, 14C, 36C1, 129I, 37Ar, 39Ar, 81 Kr, and 85Kr. In calculating the production rates, two assumptions were made. The first assumption was that all the radioisotopes produced within the rock matrix were transferred to the fluids in the rock pore spaces. The second assumption was that the minimum observed porosity for crystalline rocks is 1 percent, an assumption independent of the microdistribution of radionuclide production in relation to the aqueous phase.
The estimated equilibrium number of atoms of 36C1 in 1 cm3 of the rock matrix was 1.5xlO6 for the reaction 35Cl(n,y)36Cl and 0.04x106 for the 39K(n,a)36Cl reaction. For the fracture fluid, the equilibrium number of atoms in 1 cm3 was 2.5x106 for neutron absorption by 35C1 and was negligible for neutron activation of 39K. For the surrounding leptite rock matrix, the equilibrium number of atoms was 0.19xl06 and 0.0067x106 for the two reactions, respectively. As was the case for the rocks from the Snake River Plain aquifer system investigated in this report, the production of 36C1 by activation of 39K in the Stripa granite was insignificant.
The equilibrium 36C1/C1 ratio that resulted from the experimental neutron flux in the rock matrix for the Stripa granite was 215xlO~15 after 1.5 million years. The equilibrium 36C1/C1 ratio for the surrounding leptite was 41xlO~15 . Although the 36C1/C1 ratios in the ground water may not reach the same equilibrium ratio as in the aquifer matrix as a result of the smaller residence times, an increase in salinity during transport through the fracture system could result in a Cl" and 36C1/C1 ratio signature characteristic of the Stripa granite (Andrews and others, 1989 geochemistry, this 36C1/C1 ratio from the Stripa Granite is comparable to the 36C1/C1 ratio for rhyolite from the eastern Snake River Plain. The estimated equilibrium in situ 36C1/C1 ratio for the nine rhyolite samples used in this study ranged from 26xlO"15 to 45xlO~15 and the mean was 35±5.5xlO"15 (table 6 ). The slightly larger 36C1/C1 ratio from the Stripa granite is due to the larger U and Th content of this granite compared to the U and Th content in the average rhyolite from the eastern Snake River Plain; U is 44.1 ppm and Th is 33 ppm in the Stripa granite, and U is 5.96 ppm and Th is 24.1 ppm for average rhyolitic composition from the eastern Snake River Plain (table 7) .
If all the Cl" in the Stripa granite were transferred from the rock to the ground water, a 36C1 concentration of 1.5 xlO11 atoms/L would be produced with an associated fluid chlorinity of 43 g/L. However, the maximum chlorinity present in ground water from the Stripa granite was only 700 mg/L, corresponding to 1.6 percent of the matrix Cl* transferred to the pore fluids. The resultant corrected 36C1 equilibrium concentration is 2.4x109 atoms/L and is on the same order of magnitude as measured ground-water concentrations in the Stripa granite.
The 36C1 content of Stripa ground water was determined to be a result of in situ production because the amount was much larger than what could be derived from cosmogenic or nuclearfallout sources. Therefore, the input of 36C1 to the ground-water system from cosmogenic and nuclear-fallout sources was determined to be much less significant than the production of 36C1 by neutron capture within the granite. Although this determination ultimately limits the use of 36C1 concentrations for estimation of groundwater residence times in the Stripa granite, Andrews and others (1989) estimated residence time on the rate of 36C1 buildup in the water.
Using the Stripa study as a model, Beasley and others (1993) calculated a theoretical in situ produced 36C1/C1 ratio of IxlO'18 for the basalt aquifer of the eastern Snake River Plain. This ratio is not measurable by any analytical techniques and in situ production was determined to be inconsequential. However, data presented here suggest that the maximum estimated in situ 36C1/C1 ratio in basalt rocks of the eastern Snake River Plain ranges from 1.4xlO~15 to lOxlO"15 (table 6) or three to four orders of magnitude larger than the theoretical ratio reported by Beasley and others.
This large difference in estimated 36C1/C1 ratios is due to the method of calculation. Beasley and others (1993) estimated the in situ contribution for neutron activation of 35C1 dissolved in ground water only. In the present study, possible neutron activation of 35C1 in the aquifer matrix also was considered. Therefore, the ratios calculated in this manner are expected to be orders of magnitude larger as a result of increased neutron production rates and chloride concentrations in the rock compared to those in ground water.
In situ production of 36C1 has been estimated in near-surface environments for a reevaluation of cosmogenic production rates in terrestrial rocks (Phillips and others, 1996) . Their evaluation included 17 basalt samples collected from surface exposures on the eastern Snake River Plain. The measured in situ 36C1/C1 atom ratios for the 17 samples ranged from 22±2xlO"15 to 249±16xlQ-15, and the mean was 125±17xlO-15 . For comparison, the estimated in situ secular equilibrium 36C1/C1 ratios for the seven basalt samples used in this study ranged from 1.4xlO~15 to lOxlO"15, and the mean was 5.2±3.3xlO"15 (table 6). The 17 basalt samples collected on the Snake River Plain by Phillips and others (1996) were all from surface outcrops. Only one of the seven basalt samples evaluated in this study was an outcrop sample; the remaining six were from depths of 118-728 m below the surface. Therefore, the 17 measured 36C1/C1 atom ratios compare well with the 7 estimated in situ ratios, because the surface ratios are expected to be larger by an order of magnitude or more as a result of enhanced surface production of 36C1 by the interaction of cosmic rays with elements in the rocks.
COMPARISON OF IN SITU PRODUCED CHLORINE-36 WITH CONCENTRATIONS IN WATER
Chlorine-36 concentrations have been determined for water, snow, and glacial ice samples collected at and near the INEEL (Cecil and others, 1999) . In southeastern Idaho and western Wyoming, meteoric concentrations were determined to be less than IxlO7 atoms/L for recharge, and concentrations between IxlO7 and IxlO8 atoms/L were indicative of a nuclearweapons-tests component from peak 36C1 production in the late 1950s.
Chlorine-36 concentrations between IxlO8 and IxlO9 atoms/L in ground water and surface water were determined to be representative of resuspension of weapons-test fallout from the landscape, airborne disposal from nuclear-waste processing at the INTEC, or evapotranspiration (ET). Chlorine-36 concentrations larger than IxlO9 atoms/L were attributable to nuclear-waste disposal practices in the area.
Concentrations of 36C1 in ground-water samples collected downgradient from the INTEC ranged from 10±0.2xl08 to 15±0.1xl0 12 atoms/L (L.D. Cecil, U.S. Geological Survey, unpub. data, 1999). The associated total Cl" concentrations ranged from 75 to 220 mg/L. Maximum estimated 36C1 concentrations from in situ production for all rock types, corrected to ambient measured Cl" concentrations, ranged from 2.45x105 to 7.68x106 atoms/L, or up to seven orders of magnitude smaller than concentrations in ground water near the INTEC (table  8) . The ground-water 36C1 concentrations near the INTEC were also three to four orders of magnitude larger than peak weapons-tests fallout for southeastern Idaho and Wyoming (Cecil and others, 1999) . Additionally, in situ 36C1/C1 ratios for average rock compositions ranged from 4.0xlO'15 to 33.3xlQ-15 (table 7) . For comparison, the range of 36C1/C1 for 254 groundwater samples collected from the Snake River Plain aquifer at and near the INEEL was 31xlO-15 to2.9xlO-9.
In situ produced 36C1 concentrations compare well with meteoric inputs that may be unaffected by ET. For example, by using calculated fallout rates for 36C1 for precipitation from the study by Cecil and others (1999) , a range of possible meteoric concentrations in snow can be calculated. The 36C1 fallout rates determined from separate snowfall events at two different stations in Idaho during 1991 in water equivalent were 0.012±0.002 (atoms/cm2)/s at Harriman State Park near the Wyoming border and 0.003±0.0015 (atoms/cm2)/s at Copper Basin in south-central Idaho ( fig. 1) . Meteoric 36C1 concentrations can be approximated using the 36C1 fallout rate and a range of possible ET rates for the eastern Snake River Plain by using the following equation: A range of ET rates was used in these calculations in an attempt to account for differences in seasonal distributions of precipitation and ET.
The range of meteoric concentrations using the larger fallout rate for the Harriman site, 0.012±0.002 (atoms/cm2)/s, and ET rates of 0 and 95 percent, is 6.5xlO6 to 1.3xlO8 atoms/L. Cecil and others (1999) reported a mean 36C1 concentration for 32 surface-water samples collected in southeastern Idaho of 1.5xl08 atoms/L, which indicates the effects of 95 percent or greater ET. In contrast, 36C1 concentrations for average precipitation for the east coast of the United States, where there is little or no ET, have been determined to be 1.7±0.2xl06 at-oms/L for the period February 1997 through January 1993 (Hainsworth and others, 1994) . This average is the same as the calculated 36C1 fallout rate presented here for precipitation not affected by ET in southeastern Idaho. Additionally, meteoric 36C1 ground-water concentrations from the eastern Snake River Plain aquifer range from l.Oxl0s to S.OxlO6 atoms/L, which supports the idea that no significant 36C1 is being picked up in the shallow subsurface by rapidly infiltrating recharge that would not be significantly affected by ET. These meteoric concentrations are in contrast to the average 36C1 concentration in the 32 surface-water samples, 1.5 xlO8 atoms/L, that would be expected to be influenced by ET processes.
For comparison to measured 36C1 concentrations in surface water, an average concentration of 36C1 produced in surface water was estimated. Turekian (1969) compiled the average composition of surface water for nearly all the elements, and these data were used to calculate an average in situ produced concentration for 36C1. An average in situ equilibrium 36C1 concentration for surface water of 1.83xl04 atoms/L was calculated. Although this relatively small 36C1 concentration calculated in this manner is a first-order approximation, it suggests that the in situ contribution from surface water of average composition is insignificant compared to the contributions from weapons-tests fallout, natural atmospheric production, overland runoff containing near-surface-produced 36C1, and concentrations as a result of nuclear-waste disposal at the INEEL.
Two snow samples were collected at the INEEL (INEEL #1 and INEEL #2, fig. 1 ) during nuclear-waste reprocessing operations, and resultant 36C1 fallout rates were determined for comparison to possible meteoric concentrations. The largest fallout rate, 12±2.4 (atoms/cm2/)s for INEEL #2, was used to calculate a contribution of 36C1 to the Earth's surface from the INTEC. Again, by application of equation (12), the possible contribution to ground-water concentrations from precipitation affected by wasteprocessing operations at the INEEL ranged from 1.7xl0 10 atoms/L for no ET to 3.8xlOn atoms/L for 95-percent ET. These concentrations are four to five orders of magnitude larger than estimated natural meteoric contributions to ground water 36C1 concentrations in the eastern Snake River Plain aquifer. Considering groundwater residence time and rapid infiltration of recharge in the eastern Snake River Plain aquifer, it is highly unlikely that significant 36C1 concentrations from in situ production occur.
SUMMARY
Twenty-five whole-rock samples were collected from basalt, rhyolite, limestone, dolomite, shale, and quartzite rock types in the eastern Snake River Plain aquifer. In situ production of 36C1 in the rock samples resulting from nuclear interactions between stable nuclides and particles given off during the radioactive transformation of U and Th decayseries isotopes was determined. Calculated ratios of 36C1/C1 in these rocks, as a result of neutron activation of stable chlorine-35, ranged from 1.4xlO~15 for basalt to 45x10"15 for rhyolite. The associated neutron production rates calculated for these rock types were 2.5 (n/g)/yr for the basalt and 29 (n/g)/yr for the rhyolite. The larger neutron production rate for this rhyolite sample is due to the larger U (11.5 ppm) and Th (22.2 ppm) concentration of the rhyolite; for comparison, the U and Th concentrations of this basalt sample 0.8 and 2.23 ppm, respectively.
Corrected concentrations of 36C1 in ground water were estimated by taking into account Cl" concentration, rock porosity, and the calculated 36C1/C1 ratios. In basalt and rhyolite, the maximum 36C1 concentrations were 1.77xl06 and 7.68x106 atoms/L, respectively. These maximum estimated 36C1 concentrations in ground water from in situ production are on the same order of magnitude as natural concentrations in meteoric water. In contrast, the 36C1 concentration measured in ground water collected near the INTEC was reported to be 15±0.1xl0 12 atoms/L, or up to seven orders of magnitude larger than in situ or meteoric concentrations. In situ 36C1/C1 ratios in ground water from rock with average compositions from this study ranged from 4.0x10'15 to 33.3xlO'15. For comparison, the range of 36C1/C1 for 254 ground-water samples collected from the Snake River Plain aquifer at and near the INEEL was SlxlO'15 to 2.9x10'9. Based on these results, in situ production of 36C1 is insignificant compared to concentrations measured in ground water near buried and injected nuclear waste at the INEEL. [Sample locations are shown on figure 1. Source of data: major rock-forming elements as oxides in weight percent, trace elements in ppm by weight, and volatile components in weight percent are from the Idaho State University Department of Geology Geochemistry Laboratory and were determined by ICP-AES, INAA, or LOI (value in parentheses indicates that the element's concentration was outside the calibration range of the instrument during analysis and that the value was reduced to make the laboratory weight-percent data equal 100 percent); unmarked chlorine values in weight percent are from the U.S. Geological Survey Branch of Geochemistry Laboratory and were determined by ISEP; values marked with an asterisk (*) are from Parker [directly for basalt samples and from geochemical equivalent for rhyolite samples (felsic granite)] (1967, table 19, p. D13-D14) . Calculations: Gd values were calculated using chondritic trace-element ratios; carbon values marked with @ symbol were calculated under the assumption that the moles of carbon were equivalent to the sum of the moles of calcium and magnesium; values for H,w and O,w were calculated under the assumption that the difference between the raw and adj. totals plus excess LOI values was attributable to water content (both water of hydration and pore water); the value for O,r was calculated from oxide weight-percent data. For a detailed explanation of calculations and conversions, see section of text, "Data Processing." Symbol: <, less than] [Sample locations are shown on figure 1. Source of data: major rock-forming elements as oxides in weight percent, trace elements in ppm by weight, and volatile components in weight percent are from the Idaho State University Department of Geology Geochemistry Laboratory and were determined by ICP-AES, INAA, or LOI; unmarked chlorine values in weight percent are from the U.S. Geological Survey Branch of Geochemistry Laboratory and were determined by ISEP; values marked with an asterisk (*) are from Parker (1967, [Sample locations are shown on figure 1. Source of data: major rock-forming elements as oxides in weight percent, trace elements in ppm by weight, and volatile components in weight percent are from the Idaho State University (ISU) Department of Geology Geochemistry Laboratory and were determined by ICP-AES, INAA, or LOI (value in parentheses indicates that the element's concentration was outside the calibration range of the instrument during analysis and that the value was reduced to make the laboratory weight-percent data equal 100 percent); unmarked chlorine values in weight percent are from the U.S. Geological Survey Branch of Geochemistry Laboratory and were determined by ISEP; values marked with an asterisk (*) are from Parker [directly for basalt samples and from geochemical equivalent for quartzite (sandstone)] (1967, table 19, p. D13-D14). Assumption: LOI values provided by the ISU Laboratory were assumed to result from volatilization of carbonate or water. Calculations: Gd values were calculated using chondritic trace-element ratios; carbon values marked with @ symbol were calculated under the assumption that the moles of carbon were equivalent to the sum of the moles of calcium and magnesium; values for H,w and O,w were calculated under the assumption that the difference between the raw and adj. totals plus the excess LOI values was attributable to water content (both the water of hydration and pore water); the value for O,r was calculated from oxide weight percent and LOI data. For a detailed explanation of calculations and conversions, see section of text, "Data Processing." Symbols: -bd-, below detection limit; <, less than] Table 4 . Example of calculated thermal neutron cross section for neutron absorption, total neutron production rate, and in situ secular equlibrium chlorine-36/chlorine (36C1/C1) ratio for sedimentary rock sample SP-1, limestone, eastern Snake River Plain aquifer.
DEFINITIONS FOR CHEMICAL SYMBOLS AND NOTATIONS USED
[Sample locations are shown on figure 1. See text for explanation of mass stopping power, weighting factor, X and Y factors,-weighted neutron yields, and thermal cross sections. Mass stopping power, neutron yields, and absorption cross sections from Fabryka-Martin (1988) . Mass stopping power is given for each element for an alpha particle of energy 8.0 million electron volts (MeV Table 5 . Measured and estimated gadolinium concentrations for 56 basalt samples from the eastern Snake River Plain aquifer. Table 6 . Calculated thermal neutron cross sections for neutron absorption, total neutron production rate, in situ secular equilibrium chlorine-36/chlorine ( C1/C1) ratios, and equilibrium chlorine-36 concentration in the rock matrix, eastern Snake River Plain aquifer.
[Sample locations are shown on figure 1; cm2/g, square centimeters per gram; Cl, chlorine; cm3, cubic centimeters; K, potassium; <, less than] Table 7 . Calculated thermal neutron cross sections for neutron absorption, total neutron production rates, and in situ secular equilibrium chlorine-36/chlorine (36C1/C1) ratios for rock types of average composition, eastern Snake River Plain aquifer.
[U, uranium; Th, thorium; ppm, parts per million by weight; cm2/g, square centimeters per gram; A, the values for the Snake River Plain shale represent only one sample and are not an average; *, data not available from Parker (1967) Table 8 . Maximum calculated equilibrium chlorine-36 (36C1) and associated total chloride (CI~) concentrations in ground water from in situ production due to neutron activation of stable chlorine-35 for six rock types from the eastern Snake River Plain aquifer.
[Sample locations are shown on figure 1. Source of data: rock density data from Dobrin (1976) ; percent porosity from Freeze and Cherry (1979) ; rock chloride content from U.S. Geological Survey Isotope Laboratory except values marked with an asterisk (*), which are from Parker (1967, 
